Primary progressive aphasia is a clinical syndrome defined by progressive deficits isolated to speech and/or language, and can be classified into non-fluent, semantic and logopenic variants based on motor speech, linguistic and cognitive features. The connected speech of patients with primary progressive aphasia has often been dichotomized simply as 'fluent' or 'non-fluent', however fluency is a multidimensional construct that encompasses features such as speech rate, phrase length, articulatory agility and syntactic structure, which are not always impacted in parallel. In this study, our first objective was to improve the characterization of connected speech production in each variant of primary progressive aphasia, by quantifying speech output along a number of motor speech and linguistic dimensions simultaneously. Secondly, we aimed to determine the neuroanatomical correlates of changes along these different dimensions. We recorded, transcribed and analysed speech samples for 50 patients with primary progressive aphasia, along with neurodegenerative and normal control groups. Patients were scanned with magnetic resonance imaging, and voxel-based morphometry was used to identify regions where atrophy correlated significantly with motor speech and linguistic features. Speech samples in patients with the non-fluent variant were characterized by slow rate, distortions, syntactic errors and reduced complexity. In contrast, patients with the semantic variant exhibited normal rate and very few speech or syntactic errors, but showed increased proportions of closed class words, pronouns and verbs, and higher frequency nouns, reflecting lexical retrieval deficits. In patients with the logopenic variant, speech rate (a common proxy for fluency) was intermediate between the other two variants, but distortions and syntactic errors were less common than in the non-fluent variant, while lexical access was less impaired than in the semantic variant. Reduced speech rate was linked with atrophy to a wide range of both anterior and posterior language regions, but specific deficits had more circumscribed anatomical correlates. Frontal regions were associated with motor speech and syntactic processes, anterior and inferior temporal regions with lexical retrieval, and posterior temporal regions with phonological errors and several other types of disruptions to fluency. These findings demonstrate that a multidimensional quantification of connected speech production is necessary to characterize the differences between the speech patterns of each primary progressive aphasic variant adequately, and to reveal associations between particular aspects of connected speech and specific components of the neural network for speech production.
Introduction
Primary progressive aphasia (PPA) is a clinical syndrome in which degeneration of language regions in the dominant hemisphere is associated with progressive deficits in speech and/or language function (Mesulam, 1982 (Mesulam, , 2001 . PPA can be classified into variants based on linguistic and cognitive features (Hodges and Patterson, 1996; Neary et al., 1998; Gorno-Tempini et al., 2004) ; each variant has a different distribution of atrophy (Gorno-Tempini et al., 2004) and is associated with different likelihoods of particular underlying pathologies (Davies et al., 2005; Josephs et al., 2006 Josephs et al., , 2008 Knibb et al., 2006; Mesulam et al., 2008) . There are three widely recognised variants of PPA: nonfluent variant PPA (also termed progressive non-fluent aphasia), semantic variant PPA (also termed semantic dementia) and logopenic variant PPA (also termed logopenic progressive aphasia) (Gorno-Tempini et al., 2004; Mesulam et al., 2010) .
For several decades after the initial description of PPA (Mesulam, 1982) , patients with PPA were typically categorized as 'fluent' or 'non-fluent', analogous to this basic distinction in vascular aphasia. This approach oversimplifies the complexity of the data, because fluency reflects multiple dimensions of speech production, including speech rate, phrase length, articulatory agility, syntactic structure and prosody (Goodglass et al., 1964) . Changes in these dimensions do not always co-occur in either vascular aphasia (Benson, 1967) or in PPA (Grossman and Ash, 2004) , and the term 'fluency' can be adopted variably. In particular, patients who would now be classified as having the logopenic variant have sometimes been called fluent and sometimes non-fluent by different researchers, depending on which aspects of fluency were considered (Gorno-Tempini et al., 2008) . Moreover, patients with the non-fluent variant do not necessarily demonstrate the same features as vascular patients with Broca's aphasia, who are also considered to be non-fluent (Graham et al., 2004; .
In short, a single 'fluency' measure has been insufficient to capture reliably the language production patterns characteristic of each PPA variant, which distinguish them from each other and from the various vascular aphasias. Rather, it is necessary to consider multiple aspects of connected speech production. Speech production in each PPA variant has been described both qualitatively (Snowdon et al., 1989; Weintraub et al., 1990; Hodges et al., 1992; Grossman et al., 1996; Hodges and Patterson, 1996; Neary et al., 1998; Mesulam et al., 2001; Kertesz et al., 2003; Gorno-Tempini et al., 2004 and quantitatively (Thompson et al., 1997; Orange et al., 1998; Rogers and Alarcon, 1998; Bird et al., 2000; Graham et al., 2004; Ash et al., 2006 Ash et al., , 2009 Patterson and MacDonald, 2006; Knibb et al., 2009; Meteyard and Patterson, 2009 ), but no study has quantitatively compared all three variants, and most studies have examined only a few patients, only a single variant or only some aspects of speech production. It is not known which motor speech and linguistic features derived from a speech sample are most useful clinically for distinguishing between variants, and the anatomical correlates of different aspects of abnormal connected speech production in PPA are not known, except for reduced speech rate, which has been linked to atrophy of the left inferior frontal and adjacent superior temporal gyri (Ash et al., 2009 ; see also Amici et al., 2007b) .
The current study had two goals. The first was to identify the patterns of speech production characteristic of each PPA variant by quantitatively analysing samples of connected speech and deriving a wide range of motor speech and linguistic measures, some of which contribute to the traditional concept of fluency, and others of which do not. The second goal was to identify the neural correlates of different kinds of production deficits that can be observed in PPA, irrespective of diagnosis by variant, in order to establish which specific features have anatomical localization power and can thus aid in not only syndromic, but also aetiological diagnosis.
Materials and methods

Patients
Patients with PPA, patients with behavioural variant frontotemporal dementia (bvFTD) and healthy age-matched control subjects were recruited through the Memory and Aging Center at UCSF. Normal controls and patients with bvFTD were included as healthy and non-aphasic neurodegenerative control groups, respectively. All participants gave written informed consent, and the study was approved by the institutional review board. Patients and controls received a comprehensive evaluation including neurological history and examination, neuropsychological testing and neuroimaging.
A diagnosis of PPA required progressive deterioration of speech and/or language functions, and that deficits be largely restricted to speech and/or language for at least two years. Patients were then diagnosed with a particular PPA variant based on diagnostic guidelines recently developed by an international group of PPA researchers at meetings of the World Federation of Neurology Research Group on Aphasia and Cognitive Disorders in Buenos Aires in August of 2006 and the American Academy of Neurology in Seattle in 2009 ( Supplementary Table 1 ). Patients were diagnosed with bvFTD according to established criteria (Neary et al., 1998) . Neuroimaging results were not used for diagnostic purposes and were not available to the speech-language pathologists examining patients, but were used only to rule out other causes of focal brain damage, including extensive white matter disease.
Further criteria for inclusion in this study were: (i) availability of a videotaped picture description from the Western Aphasia Battery (Kertesz, 1982) ; (ii) Mini-Mental State Examination of at least 10; (iii) fluent in English; (iv) not mute; and (v) sufficiently intelligible speech such that the intended target could be determined for the majority of words. The first three criteria were met for 53 patients with PPA, however two patients with the non-fluent variant were mute and so were excluded according to the fourth criterion, and one patient with the non-fluent variant had such severe apraxia of speech that the intended targets could not be determined for the majority of words she produced, so she was excluded based on the fifth criterion. Therefore, it is important to note that the non-fluent variant subjects included in this study comprised only a subset of those who met diagnostic criteria for this variant, i.e. those who still produced at least some intelligible speech. The final sample included 70 participants: non-fluent variant (n = 14); semantic variant (n = 25); logopenic variant (n = 11); bvFTD (n = 10); normal controls (n = 10). When patients had performed the picnic description multiple times in successive years, we used the earliest available recording, typically obtained during the patient's first research visit.
Demographic, linguistic and neuropsychological measures for each group are shown in Table 1 . The only demographic variable on which any patient group differed from controls or from another patient group was sex: patients with the non-fluent variant were disproportionately female. The three PPA groups did not differ significantly from one another in age, Mini-Mental State Examination score, Clinical Dementia Rating or years from first symptom.
The three PPA variants each showed left-lateralized atrophy ( Fig. 1A , Supplementary Table 2 ). The regional distribution of tissue loss was consistent with prior studies (Mummery et al., 2000; Gorno-Tempini et al., 2004) . Note that only six patients (five with semantic variant and one with non-fluent variant) overlapped between the present study and a previous study from our group (Gorno-Tempini et al., 2004) .
Quantitative analysis of speech samples
The speech sample was the picnic picture description component of the Western Aphasia Battery (Fig. 1A ), recorded and digitized as described in the 'Supplementary methods'. Patients were instructed to 'take a look at this picture, tell me what you see, and try to talk in sentences'. Speech samples were analysed with a procedure based on quantitative production analysis (QPA) (Saffran et al., 1989; Berndt et al., 2000) . QPA provides an objective means of characterizing speech production in aphasia, with a particular focus on grammatical structure and lexical content. We followed the QPA procedures as described by Berndt et al. (2000) except where explicitly mentioned below. Most notably, we augmented QPA by coding speech-related phenomena (i.e. rate, speech sound errors) in more detail, and we also defined additional summary measures besides those defined in QPA.
Speech samples were transcribed with English orthography, except for phonological paraphasias and neologisms that were transcribed using the International Phonetic Alphabet. Non-narrative words such as direct responses to questions and coordinating conjunctions were excluded, and the remaining words were segmented into utterances. Utterances could comprise sentences, topic-comment structures (e.g. sailboat, in the water), or smaller phrases such as verb phrases or noun phrases. We placed utterance boundaries conservatively (creating shorter utterances) and in particular we assigned noun phrases in list-like constructions to separate utterances if they were preceded by a pause of 42 s. Each word was labelled for its grammatical category.
We calculated a set of measures (described below) that were aimed at quantifying four different aspects of the speech samples: (i) speech rate and speech sound errors; (ii) other disruptions to fluency; (iii) lexical content and (iv) syntactic structure and complexity. These measures overlap partly with those calculated in QPA.
Speech rate and speech sound errors
We recorded the total number of words produced, and the total duration of the sample. Word boundaries for word counts were determined orthographically, i.e. contractions such as they're counted as one word. Filled pauses or false starts (see below) did not count as words. Excluded from the total duration were all periods during which the examiner was speaking, as well as any periods during which the patient was not attempting to speak (e.g. when the patient had stopped speaking but had not yet been prompted by the examiner to continue).
Speech rate was calculated by dividing the number of words by the duration of the speech sample. Maximum speech rate was calculated by coding the precise onset and offset of each word or sequence of connected words, and then by averaging the words per minute for the three most rapid sequences of 10 or more words.
Speech sound errors were classified as either distortions or phonological paraphasias. Distortions were defined as motor speech errors such as slurring or misarticulation that did not involve frank phonemic substitutions. For patients with dysarthria, every word could potentially be classified as a distortion, so for these patients we considered the patient's most accurate speech as a baseline, and only coded as distortions words that were distorted above and beyond this baseline. Phonological paraphasias were defined as words where frank phonemic insertions, deletions or substitutions were evident. All phonemes in the word produced had to be non-distorted phonemes belonging to the English phoneme inventory. Phonological paraphasias were counted even if they were subsequently repaired. Speech sound errors that were not only distorted, but were also perceived to be closer to another phoneme than to the intended phoneme, were counted as distortions, and not as phonological paraphasias. This is because the distortion provides evidence for a motor speech component to the error, which may be sufficient to account for the apparent deviation from the intended phoneme without invoking an additional phonological mechanism.
Other disruptions to fluency
In this category, we included four further phenomena that contribute, along with speech rate and speech sound errors, to an overall impression of non-fluent speech: false starts, repaired sequences, filled pauses and incomplete sentences. These features occur regularly in normal speech, but are considerably more prominent in the speech of many aphasic patients.
False starts were defined as partial words, i.e. words that were abandoned, usually after just one or a few phonemes had been produced, whether the word was subsequently produced (e.g. pic-picnic) or not (e.g. h-um the man is reading a book). Filled pauses are words such as um, aah and hmmm. Repaired sequences were defined as sequences of one or more complete words, which were made redundant by subsequent repetitions, amendments, elaborations or alternative expressions, e.g. the kite is f-the boy is flying the kite.
Incomplete sentences were defined as sentences that were abandoned after the subject and verb had been produced (shorter abandoned sequences were counted as repaired sequences).
procedures outlined in QPA, we counted the light verbs be, have and do as closed class, even when they were used as main verbs.
The proportion of pronouns (as a fraction of all nominals) was calculated by dividing the number of pronouns by the total number of nouns and pronouns. Similarly the proportion of verbs (as a fraction of major open class items) was calculated by dividing the number of verbs by the total number of nouns and verbs.
The frequency of each noun was obtained from the American National Corpus (http://www.americannationalcorpus.org) and the mean log frequency of nouns was calculated. MMSE (30) † 25.9 (4.1)* 22.0 (6.2)*** 22.3 (6.2)** 26.4 (3.9) 29.5 (0.5) *** CDR total 0.5 (0.4) 0.8 (0.5) 0.6 (0.2) 1.4 (0.5) a,b,c *** Age at disease onset 61.5 (8.0) 57.8 (6.1) 57.5 (7.2) 52.7 (11.1) + Years from first symptom 6.3 (1.9) 8.9 (3.1) 6.0 (2.8) 10.9 (5.7) a,c **
Language production
Boston naming test ( 
Syntactic structure and complexity
As mentioned above, all narrative words were segmented into utterances. The mean length of utterance is a simple and commonly used measure of complexity, but it is sensitive to the placement of utterance boundaries, which is not always straightforward. The proportion of words in sentences was obtained by dividing the number of words in utterances that were sentences by the total number of words. This variable captures the classic agrammatic pattern of producing topic-comment structures, noun phrases and verb phrases instead of sentences, but it should be noted that sometimes patients, and even normal controls, produce phrases that are not sentences even though they are not agrammatic.
Syntactic errors were recorded when patients produced sentences or phrases that were ungrammatical. We further coded the proportions of nouns with determiners (in obligatory contexts) and verbs with inflections (in obligatory contexts). These types of errors are explicitly coded in QPA as they are particularly prevalent in agrammatic aphasia. Missing determiners and inflections were also coded as syntactic errors.
Embeddings were defined as sentences embedded within other sentences. The embedded sentence was required to have either an overt subject or an overt tense marking on the verb. Semantic errors were recorded when patients produced sentences that were syntactically well-formed, but were either non-sensical or were semantically inappropriate for the context.
Inter-rater reliability
Of the 70 speech samples, 27 were transcribed and coded by one of the authors (S.M.W.) who has extensive experience with linguistic fieldwork and aphasic speech. The remaining 43 speech samples were initially transcribed and coded by another author (M.B.), who has an undergraduate degree in linguistics and experience with analysis of recorded discourse. These 43 speech samples were checked and revised by S.M.W.
The most difficult aspect of coding was the identification of distortions and phonological paraphasias. Therefore, the 25 speech samples from patients diagnosed with the non-fluent or logopenic variants were re-coded for these two measures by another author (M.H.), who is a licensed speech-language pathologist with many years experience working with patients with PPA and other aphasias. The correlation between the number of distortions recorded per patient across the two raters (S.M.W. and M.H.) was r = 0.93. The correlation for number of paraphasias was r = 0.96. Of all speech sound errors coded by both raters, the two raters agreed as to whether the errors were distortions or phonological paraphasias in 93% of cases. All discrepancies were resolved by consensus. Figure 1 Patient groups and stimulus material. (A) Regions of significant atrophy in each of the three PPA groups. These maps were
Statistical analysis
Statistical analysis was performed with R (http://www.r-project.org). For each measure, we compared the five groups-non-fluent variant, semantic variant, logopenic variant, bvFTD and normal controls-using ANOVAs where appropriate, or the Kruskal-Wallis non-parametric test for measures with significant floor or ceiling effects. If the omnibus test was significant, we examined the following planned contrasts: each of the four patient groups compared to normal controls, and the three PPA patient groups compared to each other. P-values were corrected for multiple comparisons with the default single step procedure implemented in the R program glht for ANOVAs (Hothorn et al., 2008) , or the Steel procedure implemented in npmc for non-parametric tests (Munzel and Hothorn, 2001 ).
Voxel-based morphometry
Structural images were acquired on 1.5 T or 4 T scanners as described in 'Supplementary methods' online. Images were registered to each other and to Montreal Neurological Institute (MNI) space using SPM5 (Ashburner and Friston, 2005) and DARTEL (Ashburner, 2007) . Modulated grey matter and white matter probability maps were scaled by Jacobians, smoothed with a Gaussian kernel of 8 mm full-width at half maximum, then summed together to obtain a map of brain parenchyma. Although voxel-based morphometry has been applied to white matter in many studies, the typical procedure is to analyse grey and white matter separately (e.g. Good et al., 2001) . Instead, we added them, and then interpreted the anatomical basis of significant effects based on whether they fell in grey or white matter on the template.
Each speech/language measure was correlated voxelwise with the summed grey matter and white matter probabilities for the 60 patients (the 10 normal controls were not included). Outlier values were clipped at 1.5 SD from the mean of all patients, to avoid spurious correlations due to extreme values. Statistical maps were thresholded at voxelwise P50.005, and masked with the union of the four maps of atrophy in each patient group (including bvFTD) relative to controls (masks thresholded at voxelwise P50.01, uncorrected), to ameliorate the loss of power due to multiple comparisons by ruling out regions that were not atrophic in any patient group. This mask included most of the left cerebrum with the exception of the occipital lobe, and much of the right frontal lobe, temporal lobe and inferior parietal cortex (due to the fact that many patients had some degree of right hemisphere atrophy, especially those with bvFTD). Correction for multiple comparisons was achieved by permutation analysis. Statistical maps were calculated for 1000 random assignments of normally distributed behavioural scores to patients, with the maximum cluster size recorded each time. The fifth percentile maximum cluster size was 1297 mm 3 , so applying this as the minimum cluster size ensured corrected significance of P50.05.
Age, sex, total intracranial volume and scanner (1.5 or 4 T) were included as covariates in all analyses. Images were overlaid with MRIcron (http://www.sph.sc.edu/comd/rorden/mricron) on an average brain based on the grey and white matter templates.
Results
Speech rate and speech sound errors
Only non-fluent patients differed significantly from normal controls in terms of number of words produced (less) and total speech sample duration (longer) ( Table 2) , however patients with bvFTD produced marginally fewer words than controls. Overall speech rate was significantly reduced in all PPA variants (but not in bvFTD), with the non-fluent patients slowest, followed by the logopenic patients and then the semantic variant patients ( Fig. 2A , Table 2 ). Maximum speech rate, however, was reduced only in the non-fluent and logopenic patient groups, with the nonfluent patients significantly slower than the logopenic variant patients with the logopenic variant ( Fig. 2B , Table 2 ). Maximum speech rate may be a more useful measure than overall speech rate because overall speech rate can be impacted by long pauses, which can reflect processes that are either linguistic (e.g. word-finding, sentence formulation) or non-linguistic (e.g. inattention). Note that mute patients were excluded from this study; if these patients had been considered to have zero words per minute, the mean rates for the non-fluent variant patients would be even lower.
Distortions were produced by every non-fluent patient without exception, often in substantial numbers ( Fig. 2C , Table 2 ). In contrast, only a few patients in the other PPA groups or the bvFTD group produced occasional distortions. Most patients with the semantic variant and bvFTD who produced the occasional distortion were more advanced in the course of disease, as reflected by lower Mini-Mental State Examination scores.
Phonological paraphasias, in contrast, were produced by a subset of patients with the non-fluent variant and a subset of patients with the logopenic variant ( Fig. 2D , Table 2 ). Although the omnibus Kruskal-Wallis test was significant, none of the follow-up tests were significant after correction for multiple comparisons. However, 6 of 14 patients with the non-fluent variant, and 5 of 11 patients with the logopenic variant produced phonological paraphasias, whereas only 3 of 25 patients with the semantic variant produced any, and two of these were late stage patients. Some examples of phonological paraphasias are shown here:
(1) a. /k@òAZ/ 'garage' (non-fluent variant) b. /pIskmIt/,/pIsk@t/ 'picnic'
(non-fluent variant) c. /oUw@n/ 'another one' (logopenic variant) d. /pIknEk/ 'picnic' (logopenic variant)
Note that phonological paraphasias such as these were not distorted, otherwise they would have been classified as distortions.
Neural correlates of speech variables
Reduced maximum speech rate was associated with atrophy of exclusively left-lateralized regions: the inferior frontal gyrus (pars opercularis and triangularis), ventral precentral gyrus, supplementary motor area, extensive white matter underlying these regions including the superior longitudinal fasciculus, and posterior language regions-the posterior superior temporal gyrus and the adjacent part of the supramarginal gyrus ( Fig. 2E, red ; Table 3 ). The regions correlated with overall speech rate (not shown) were similar to those correlated with maximum speech rate, but less extensive. The anatomical correlates of distortions and phonological paraphasias were much more specific. Distortions were correlated with volume loss in the white matter underlying left frontal cortex, especially the superior longitudinal fasciculus, and a smaller homologous region in the right hemisphere ( Fig. 2E , blue; Table 3 ). Phonological paraphasias were correlated with damage to the left mid superior temporal gyrus ( Fig. 2E , green; Table 3 ), although this cluster did not quite reach significance based on its size (volume = 518 mm 3 , P = 0.12).
Relationships between speech variables
Increasing numbers of distortions were marginally associated with reduced speech rate in the non-fluent variant (r = -0.52; P = 0.058) ( Fig. 3A ), suggesting a common factor underlying these features for these patients. In contrast, there were no associations between phonological paraphasias and speech rate in either the non-fluent or logopenic variant (Fig. 3B ), nor any correlation between distortions and phonological paraphasias in the non-fluent variant ( Fig. 3C) , which parallels the voxel-based morphometry result in suggesting that phonological paraphasias and distortions reflect damage to distinct regions and processes.
Other disruptions to fluency
False starts were observed in all groups including controls ( Fig. 4A , Table 2 ). Although most patients with the logopenic variant produced more false starts than any control, the effect of group was not significant.
Patients with the non-fluent variant produced significantly more filled pauses than controls, and patients with the logopenic variant produced marginally more ( Fig. 4B , Table 2 ). Both of these groups produced significantly more filled pauses than patients with the semantic variant, who did not differ from controls despite the severe lexical retrieval deficits present in this variant. This was because patients with the non-fluent and logopenic variants typically struggled to generate grammatical structures or find words (Example 2a), whereas patients with the semantic variant simply found alternative circumlocutory means of expression, even if they were semantically empty (Example 2b).
( 2) Many patients with PPA of all variants exhibited more repaired structures than any control, but only in patients with the logopenic Connected speech in primary progressive aphasia variant was the number of repairs significantly greater (Fig. 4C , Table 2 ). In fact, there was no overlap between logopenic variant and normal control distributions. Below are examples of repaired sequences, with the repaired words underlined:
(3) a. This is a picture of a-th-that looks like summer (logopenic variant) b. He also has a, a dog (logopenic variant) c. The kite is f-the boy is flying the kite (non-fluent variant)
Incomplete sentences were most frequent in patients with the semantic variant and were also seen in the logopenic variant, although only the former group differed significantly from controls (Fig. 4D, Table 2 ). Despite their motor speech and grammatical difficulties, patients with non-fluent variant almost always completed their sentences.
Neural correlates of other disruptions to fluency
Although false starts did not differ significantly across groups, increased numbers of false starts were nevertheless significantly associated with atrophy of anterior and posterior perisylvian cortex, specifically the length of the superior temporal gyrus and the ventral frontal operculum (Fig. 4E , red: Table 3 ). Filled pauses and repaired sequences, however, were associated with tissue loss in posterior regions: the posterior superior temporal gyrus and superior temporal sulcus for filled pauses (Fig. 4E, blue ; Table 3) , and a similar region extending more ventrally and posteriorly into the angular gyrus and inferior parietal lobule for repaired sequences (Fig. 4E, green ; Table 3 ). No brain regions were significantly associated with increased numbers of incomplete sentences.
Lexical content
There was a significant omnibus group effect on the proportion of closed class lexical items, with patients with the non-fluent variant producing (marginally) less closed class items than controls, and patients with the semantic and logopenic variants producing (non-significantly) more ( Fig. 5A, Table 2 ). It is noteworthy that while a subset of non-fluent patients (5 of 14) produced a lower proportion of closed class items than any control subject, the other non-fluent patients were in the normal range. Patients with the semantic variant produced a greater number of pronouns than controls (as a proportion of all nouns and pronouns) (Fig. 5B, Table 2 ), a greater number of verbs (as a proportion of all nouns and verbs) ( Fig. 5C, Table 2 ) and the nouns that they did produce had a higher mean log frequency than controls or other patient groups (Fig. 5D , Table 2 ). The examples below show how individuals with the semantic variant often use action-oriented descriptions that entail the use of pronouns, verbs and high-frequency nouns, to work around lower frequency nouns that cannot be accessed:
(4) a. they-sh-they look like they're handling s-some things while they're sitting down there (referring to 'book', 'cup' and 'thermos') (semantic variant)
b. that may be where you take your boat to get onto the boat there (referring to 'dock') (semantic variant) c. there's um a place where they have their car (referring to 'garage') (semantic variant)
These effects were all specific to the semantic variant group, except that patients with the logopenic variant also showed a greater proportion of pronouns than controls, reflecting lexical retrieval problems that are less severe than those seen with the semantic variant.
Based on previous studies suggesting problems with verbs in non-fluent patients (Thompson et al., 1997; Hillis et al., 2002 Hillis et al., , 2004 Ash et al., 2009) , we compared the proportions of verbs produced in non-fluent patients and normal controls with an 
Neural correlates of lexical content variables
Voxel-based morphometry revealed that volume loss in left anterior temporal cortex was associated with increased proportions of closed class words (not shown), pronouns (Fig. 5E, red ; Table 3 ) and verbs ( Fig. 5E, blue ; Table 3 ) and increased frequency of nouns ( Fig. 5E , green; Table 3 ). Less extensive anterior temporal regions in the right hemisphere were also associated with increased use of pronouns and a higher frequency of nouns. These results reflect the relatively homogeneous semantic variant patients who all showed atrophy in these regions and changes on these measures.
Syntactic structure and complexity
Mean length of utterance, a simple measure of complexity, was significantly reduced in all PPA groups, especially in the non-fluent variant; and even marginally in bvFTD (Fig. 6A , Table 2 ). All but one normal control subject produced all of their words in sentences, but the majority of patients with PPA of all variants produced some utterances consisting of topic-comment structures, or smaller phrases such as verb phrases or noun phrases (Fig. 6B , Table 2 ). The non-fluent and semantic variant groups differed significantly from controls, with six of the 14 patients with the non-fluent variant producing numerous non-sentence utterances. Usually failure to produce words in sentences reflects agrammatism (Examples 5a and b), but sometimes it can simply reflect failure to follow the task instructions to produce sentences. Although patients of all variants made agrammatic errors (i.e. frank omissions of functional words or morphemes), these were most frequent in patients with the non-fluent variant: non-fluent patients omitted at least one determiner, as opposed to only 5 of 25 semantic variant patients and 4 of 11 logopenic patients patients with the logopenic variant (Table 2 ). In contrast, syntactic errors in the semantic and logopenic variant patient groups were predominantly paragrammatic (as in Examples 6e-i above).
Neither of the two syntactic measures presented so far-words in sentences or syntactic errors-completely reflect a patient's abilities to construct well-formed syntactic structures, because some patients attempt only very simple utterances (e.g. isolated nouns), and therefore do not make syntactic errors (Fig. 7A) . Consequently, to obtain a summary measure of syntactic competence, we conducted principal components analysis on these two features. Patients who either produced many errors, or who produced many words that were not in sentences, could then be identified by low scores on the first principal component (Fig.  6D , Table 2 ). The non-fluent variant group had the lowest scores on this composite measure, though all three PPA groups were significantly impaired relative to controls. In the logopenic variants, but not in other variants, scores on the composite syntactic measure were correlated with the number of repaired sequences produced (r = 0.63, P = 0.040, Fig. 7B ), suggesting that their syntactic abilities might reflect these constant reformulations, which create a barrier to resolving syntactic dependencies.
Number of embeddings is a good measure of patient ability to produce syntactically complex structures. There was a robust main effect of group on number of embeddings (Fig. 6E, Table 2 ). Although follow-up tests relative to controls were not significant after correction for multiple comparisons, patients with the non-fluent variant showed reduced numbers of embeddings, with most producing none at all; patients with the logopenic variant produced normal numbers of embeddings; and patients with the semantic variant actually produced more embeddings than controls. This is likely to reflect the intricate constructions that they often generate to work around lexical retrieval problems:
(7) a. there's a, what appears to be, though you can't see his face, a younger gentleman, who is closer to the lake, and he is um, flying a, a unit, that uh, is at the end of a, piece of uh, end of end of a, it's it's flying it, so he can control it (semantic variant) b. seeing him fly this, I can not remember the name of what this is, that's up in the air here (semantic variant)
These examples highlight the striking dissociation between impaired lexical access and preserved syntactic abilities in patients with the semantic variant.
Semantic errors (syntactically well-formed sentences that were either non-sensical or semantically inappropriate for the context) were observed in all PPA groups (Fig. 6F , Table 2 ). The omnibus test was significant but not the follow-up tests after multiple comparisons. Substitutions of semantically related items were the most common type of semantic error (Examples 8a-e).
(8) a. a temporary type of, radio (a portable radio) (semantic variant) b. it's got plants inside (meaning the radio runs on batteries) (semantic variant) c. the other one that put all this stuff up (all this stuff for 'kite') (semantic variant) d. the lake is filled with um sailboat and people waving and jet skis (there are no jet skis) (non-fluent variant) e. I used to like to have to carry those too (referring to the kite, 'carry' substituted perhaps for 'fly') (logopenic variant)
Neural correlates of syntactic variables
Voxel-based morphometry revealed that scores on the composite syntactic measure, reflecting syntactic errors and/or failure to produce sentences, were correlated with tissue volume in the left posterior inferior frontal gyrus (pars triangularis), supplementary motor area, and the white matter underlying these structures ( Fig. 6G, red ; Table 3 ). Reduced numbers of embeddings were associated with atrophy of the left posterior inferior frontal gyrus (pars opercularis and orbitalis), superior frontal sulcus and adjacent prefrontal regions and the supplementary motor area (Fig. 6G , blue; Table 3 ). These sets of regions were largely overlapping. Reduced mean length of utterance was associated with the left superior longitudinal fasciculus (not shown). Increased numbers of semantic errors were not associated with any brain regions, probably reflecting the many different types of errors that were classified as semantic.
Relationship between syntactic and motor speech deficits
Since agrammatism and motor speech impairments are both associated with non-fluent variant PPA (Gorno-Tempini et al., 2004) , we wanted to determine whether these two types of impairments are associated in individual patients (Fig. 7C) . Although the two patients who produced the most distortions also had severe syntactic impairments, these two features were dissociable, and overall the correlation was not significant (r = -0.37, P = 0.19). The brain regions associated with distortions (the left and right superior longitudinal fasciculus) overlapped partly with the regions linked to impaired syntax, but distortions were correlated with a wider expanse of white matter, whereas syntactic deficits but not distortions were associated with volume loss in the left inferior frontal gyrus (compare Fig. 2E, blue and Fig. 6G, red) .
Discussion
This study has provided the most comprehensive quantitative description to date of connected speech production in all three variants of PPA, and the neural correlates of different aspects of abnormal connected speech in neurodegenerative aphasias. We found that connected speech has different properties in each PPA variant, and that these features can be informative in distinguishing the three variants from each other and from normal controls. We showed that specific speech and language variables correlated with atrophy in distinctive brain regions.
Connected speech characteristics in the three variants of primary progressive aphasia Non-fluent variant primary progressive aphasia
Patients with non-fluent variant are by definition 'non-fluent' and are often described as agrammatic. Some patients become mute or so apraxic that even single words are unintelligible and we excluded several such patients. In our remaining mild-moderate sample, we confirmed that patients with the non-fluent variant are impaired on many of the dimensions that contribute to fluency. They had the slowest speech rate of any group, and invariably made at least some distortions. Some but not all patients also produced non-distorted phonological paraphasias, which are likely to reflect phonological encoding processes prior to articulation. Patients with the non-fluent variant produced a greater number of false starts, filled pauses and repaired sequences than normal controls, but most of these differences were not significant and many patients fell into the normal range. Several of these features-certainly rate and distortions, and probably many of the false starts-are probably consequences of apraxia of speech (Wertz et al., 1984; Ogar et al., 2007) , however it should be noted that a motor speech evaluation that requires patients to produce sequences of increasing articulatory complexity is more sensitive for detecting apraxia of speech than a connected speech sample in which patients may choose their own words.
In terms of lexical content, a substantial minority of patients produced fewer closed class words and/or fewer verbs than controls, consistent with prior studies (Thompson et al., 1997; Hillis et al., 2002 Hillis et al., , 2004 Ash et al., 2009) . However there were also many patients whose speech was normal in these respects, so these lexical features cannot be considered diagnostic for the non-fluent variant.
Many patients produced utterances that were not complete sentences, and most but not all patients produced syntactic errors. The fact that some patients produced no syntactic errors and others only a few demonstrates that most patients with the non-fluent variant are not frankly agrammatic in the way that patients with Broca's aphasia are (Graham et al., 2004; Knibb et al., 2009) . However, the mean length of utterances and number of embeddings were reduced, consistent with previous studies (Thompson et al., 1997; Ash et al., 2006 , Knibb et al., 2009 ), suggesting a reduction in ability to generate complex syntactic structures.
In sum, patients with the non-fluent variant were non-fluent when compared to the other variants of PPA, but it was our impression that most of the mild-moderate patients we studied were less impaired than the typical non-fluent vascular patient, both in terms of speech errors and syntactic structure.
Semantic variant primary progressive aphasia
Patients with the semantic variant produced fluent speech with a maximum rate that did not differ from controls, although overall speech rate was slightly reduced. Reduced speech rate in the semantic variant of PPA has been reported in some studies (Ash et al., 2006 (Ash et al., , 2009 but not in others (Bird et al., 2000; Patterson and MacDonald, 2006) . Our findings suggest that because maximum speech rate was normal, any reductions are not due to motor speech or syntactic factors, but probably reflect higher-level discourse processes (Ash et al., 2006) . Patients with the semantic variant produced negligible numbers of speech sound errors, and did not differ from controls in terms of false starts, filled pauses or repaired sequences.
They produced a greater proportion of closed class items relative to open class, pronouns relative to nouns and verbs relative to nouns, and the nouns they did produce were of higher frequency than other groups, consistent with prior studies (Bird et al., 2000; Patterson and MacDonald, 2006) . These findings were highly robust; there was little overlap with controls on most of these measures.
Patients with the semantic variant made some but relatively few syntactic errors, consistent with recent reports (Patterson and MacDonald, 2006; Meteyard and Patterson, 2009) , and their errors tended to be paragrammatic rather than agrammatic. Although mean length of utterance was reduced, patients with the semantic variant actually produced more embedded sentences than did controls, probably reflecting attempts to work around problems due to anomia. These findings provide a counterpoint to the claim that syntax is less elaborate in semantic variant patients than in controls (Patterson and MacDonald, 2006) .
Overall, connected speech production was strikingly preserved in the semantic variant group, with the exception of lexical content. Preserved motor speech and syntactic function in these patients is likely to reflect the structural (Mummery et al., 2000) and functional (Mummery et al., 1999; Wilson et al., 2009a) integrity of dorsal language regions and the white matter pathways that connect them (Agosta et al., 2010) .
Logopenic variant primary progressive aphasia
Patients with the logopenic variant have been categorized as fluent by some researchers but non-fluent by others (Gorno-Tempini et al., 2008) . Our results revealed a mixed picture on the different dimensions of fluency, which accounts for the inherent difficulty of classifying patients on a single composite construct such as fluency. Patients with the logopenic variant produced speech at a rate that was intermediate between the non-fluent and semantic variant groups. Unlike non-fluent patients, logopenic patients produced few or no distortions; but like non-fluent patients, a subset of logopenic patients produced phonological paraphasias. In other words, not all patients with the logopenic variant made errors involving speech sounds, but when they did, the errors were typically frank phonemic errors (e.g. substitution of a different phoneme) rather than misarticulations, and therefore probably reflect phonological rather than motor speech impairments. Note that even in the patients who made no phonemic errors in this short speech sample, it is likely that at least some phonemic errors would be observed in a longer speech sample, or in other tasks such as confrontation naming. Logopenic patients also produced the greatest numbers of false starts, filled pauses and repaired sequences of any group, often giving rise to an overall impression of non-fluency.
In terms of lexical content, patients with the logopenic variant produced significantly more pronouns than normal controls, and somewhat more verbs, although their values for these measures were less extreme than for semantic variant patients. Also, there was no tendency for logopenic patients to produce nouns of higher frequency, as semantic variant patients did.
The speech of logopenic patients comprised mostly words in sentences, however all but one patient made at least one syntactic error. Similar to patients with the semantic variant, most of the syntactic errors made by logopenic patients were paragrammatic rather than agrammatic, and the relationship between repaired sequences and syntactic deficits suggested that these constant rewordings, combined with well-documented verbal working memory deficits (Gorno-Tempini et al., 2004 , led to syntactic errors reflecting failures to resolve syntactic dependencies.
In summary, motoric aspects of speech were relatively preserved in the logopenic variant group, while deficits in other aspects of speech production combined to give rise to a variable overall impression of degree of fluency depending on the patient. Speech production in the logopenic variant of PPA resembles mild conduction aphasia in that there are at least islands of fluency, and any syntactic errors are paragrammatic rather than agrammatic (Goodglass et al., 1994) . Although these groups both have phonological retrieval and assembly problems, these tend to result in word-finding pauses and rephrasings in the logopenic variant more often than they lead to phonological paraphasias or neologisms as seen in conduction aphasia.
Diagnostic utility of motor speech and linguistic features
PPA and its variants are typically diagnosed based on multiple sources of information including speech and language tests (including assessment of connected speech), neuropsychological testing, neurological examination and neuroimaging (Hodges and Patterson, 1996; Neary et al., 1998; Gorno-Tempini et al., 2004 Wilson et al., 2009c) . Normally no single source of evidence is sufficient to make a diagnosis, so it is important to extract as much information as possible from each source. Here we consider which combinations of speech and language features derived from short connected speech samples are most clinically informative in distinguishing the three PPA variants from each other.
Discrimination between the non-fluent and semantic variants is typically straightforward since there is little to no overlap between these groups on a number of measures, including overall and maximum speech rate, number of distortions, proportion of pronouns, proportion of verbs and frequency of nouns.
The logopenic variant can sometimes be difficult to distinguish from the other two variants. The most informative feature for discriminating between the logopenic and non-fluent variants was the presence of distortions, which were seen in all patients with the non-fluent variant, but only 3 of 11 patients with the logopenic variant, reflecting the prevalence of significant motor speech impairments in the former group. This variable could be combined with others such as proportion of verbs (higher in the logopenic variant) or number of embeddings (also greater in the logopenic variant); maximum speech rate should also be considered, as well as the presence of other disruptions to fluency such as repaired sequences, which are generally more prevalent in patients with the logopenic variant. Agrammatism, like fluency, is a compound construct including features such as agrammatic (not paragrammatic) syntactic errors, non-sentence utterances, reduced mean length of utterance and lack of embeddings (Goodglass et al., 1993 (Goodglass et al., , 1994 . All of these features were more prevalent in non-fluent patients than logopenic patients. While the presence of frankly agrammatic speech is indicative of the non-fluent variant, the absence of frank agrammatism is less informative, because many non-fluent variant patients have only very mild syntactic impairments, at least early in the course of disease.
Discrimination between the logopenic and semantic variants can be based on a number of variables, none of which provide complete separation alone, but which in combination can divide the two groups. These discriminative features include maximum speech rate (greater in the semantic variant), phonological paraphasias (more likely in the logopenic variant), filled pauses (more frequent in the logopenic variant), repaired sequences (more frequent in the logopenic variant), proportions of pronouns and verbs (higher in the semantic variant) and frequency of nouns (higher in the semantic variant).
Neural correlates of specific motor speech and linguistic features
This study is the first to associate particular motor speech and linguistic features derived from a connected speech sample with specific brain regions in patients with PPA, apart from a single overall measure of speech rate, which was linked to the left inferior frontal and adjacent superior temporal gyri (Ash et al., 2009) . We found that maximum speech rate correlated with reduced tissue volume in both anterior and posterior language regions, which is not surprising because disturbances at any level of the language production system could lead to a slowdown of speech. The finding of a role for posterior regions in this study but not in Ash et al. (2009) probably reflects the fact that they did not include patients with the logopenic variant.
There was a clear distinction between the neural correlates of distortions and phonological paraphasias. Distortions were associated with reduced volume of white matter underlying the frontal lobe, particularly the superior longitudinal fasciculus. This is useful clinically, since such a distinct anatomical localization can provide clues about the underlying pathological cause of the clinical symptom. Frontal cortical and subcortical dorsal involvement is associated with corticobasal degeneration, which is often the underlying aetiology of the non-fluent variant of PPA (Josephs et al., 2006; Mesulam et al., 2008) . Although little is known about the role of white matter damage in motor speech deficits, lesions to the superior longitudinal fasciculus in stroke patients have been associated with speech production (Dronkers et al., 1993; Bates et al., 2003; Ogar et al., 2006) and repetition deficits (Breier et al., 2008) . Reduced fractional anisotropy in this tract has been associated with speech deficits in Rett syndrome (Mahmood et al., 2009) , and dissection of a tumour border contacting the superior longitudinal fasciculus has been shown to cause speech arrest (Davtian et al., 2008) .
In contrast, phonological paraphasias correlated with atrophy of the left posterior superior temporal gyrus, which is typically impacted in logopenic variant patients, due to the presumed underlying Alzheimer's pathology (Josephs et al., 2008; Mesulam et al., 2008; Rabinovici et al., 2008) , as well as in the non-fluent variant of PPA as the disease progresses (Rohrer et al., 2009 ). These findings suggest that speech sound errors that involve non-distorted substitutions, insertions or deletions of whole phonemes are more likely to reflect dysfunction of posterior language regions important for phonological representations and processes, whereas misarticulation errors result from damage to speech motor regions and underlying white matter.
Other phenomena that contribute to an overall impression of impaired fluency-false starts, repaired sequences, filled pauseswere associated mostly with posterior brain regions. These findings do not have a strong interpretation with respect to the neuroanatomical architecture of the language system, because these phenomena potentially reflect breakdown at several different levels of the speech production process. However, it may be clinically useful to note that these speech qualities are associated more with posterior dysfunction.
All variables reflecting lexical access were associated with anterior temporal regions, greater in the left than the right hemisphere, consistent with many previous studies (Damasio et al., 1996; Rosen et al., 2002; Amici et al., 2007b) . However, regions where atrophy was associated with some of these variables (specifically, increased proportion of nouns relative to verbs, and increased frequency of nouns) extended quite far posteriorly, encompassing the entire left inferior temporal gyrus and much of the left fusiform gyrus. Functional MRI studies have identified frequency effects in lexical access tasks in posterior but not anterior temporal regions (Graves et al., 2007; Wilson et al., 2009b) , so it remains unclear which temporal lobe regions specifically are important for different aspects of lexical retrieval.
Syntactic structure and complexity were associated with tissue loss in widespread frontal regions. While syntactic comprehension has been associated with the left inferior frontal gyrus in neurodegenerative disease (Amici et al., 2007a) , this is the first demonstration that structure and complexity of syntactic production also depend on left frontal cortex. These findings are not surprising, since production of complex syntactic structure has also been linked to left frontal cortex in stroke aphasia (Borowsky et al., 2007) and functional neuroimaging studies of normal controls (Blank et al., 2002; Indefrey et al., 2004) .
Limitations
Our study has several notable limitations. Firstly, our speech samples were relatively short. Many of the patients did not produce the minimum of 150 narrative words recommended for QPA (Saffran et al., 1989; Berndt et al., 2000) . In such small samples, most patients did not produce more than a few distortions, phonological paraphasias, syntactic errors or other features of interest, which means that our estimates of the prevalence of these features in the speech of any individual patient are not very accurate. Other studies of connected speech in PPA have successfully used short picture descriptions such as we used here (Bird et al., 2000; Graham et al., 2004; Patterson and MacDonald, 2006) and we were still able to observe many reliable differences between groups, but it would be preferable to elicit longer speech samples as several authors have done (e.g. Thompson et al., 1997; Ash et al., 2006 Ash et al., , 2009 Knibb et al., 2009; Meteyard and Patterson, 2009) .
Second, because we used picture description rather than narrative or conversational speech, we were unable to investigate organization of discourse beyond the level of the sentence. Previous studies have examined pragmatics (Orange et al., 1998) and discourse cohesion (Ash et al., 2006) in progressive aphasia, and impairments in narrative organization were associated with primarily right-lateralized atrophy to frontal and anterior temporal regions (Ash et al., 2006) . Probably due to the fact that our measures focused on features at the sentence level or below, we found only left-lateralized neural correlates for most measures.
Third, the Western Aphasia Battery, including the picnic description, was one of the pieces of data contributing to the diagnosis of each patient, introducing a risk of circularity. However, this is only a minor concern since diagnoses were based on a comprehensive multidisciplinary evaluation of which the speech and language examination was only a small part.
Fourth, the correlations between motor speech and linguistic variables, and atrophy to specific brain regions identified with voxel-based morphometry, were to some extent driven by consistent associations between the anatomical characteristics of each variant and its specific set of typical features. In other words, for any given region associated with a speech/language feature, we cannot be sure if atrophy to that region directly causes the effect on the output, or whether atrophy to that region is associated with a particular patient group who show the deficit, perhaps due to atrophy of the region in question but maybe for some other reason. This is a limitation of many voxel-based morphometry studies. However, including patient group as a covariate is not a solution, since it would remove most of the variance that allows detection of brain-behaviour correlations.
Conclusion
The connected speech of patients with PPA has often been described simply as 'fluent' or 'non-fluent', but fluency is a complex construct encompassing features such as speech rate, phrase length, articulatory agility and syntactic structure, which do not always decline in parallel. We showed that a detailed multidimensional quantification of connected speech production is necessary to characterize the differences between the speech patterns of each PPA variant adequately. The motor speech and linguistic features derived from a simple picture description are clinically useful in differentiating between PPA variants and have clear anatomical localization power that can aid in the aetiological diagnosis of the neurodegenerative aphasias.
